Introduction
Due to their unique properties, high-purity REE (rare earth elements) products have been increasingly used in modern industry. As a result, a number of analytical methods have been developed for their reliable verification.
1,2 However, as is well known, the analysis of high-purity CeO2 was difficult.
Because of severe matrix-induced interferences, direct analysis without any separation procedure involved could only satisfy the purity evaluation for CeO2 of 99.95%, or even below this purity, either by ICP-AES (inductively coupled plasma atomic emission spectroscopy) or ICP-MS (inductively coupled plasma mass spectroscopy) measurements. 3 In this sense, a separation procedure preceding the final determination was usually essential for a higher purity CeO2 analysis. Indeed, among those conventional separation techniques, extraction techniques, whether presented in the forms of liquid-liquid extraction, 4 solid-liquid extraction 5 or extraction chromatography, 6 were most frequently adopted for this purpose. Many extractants were demonstrated to be of good use.
In the case of high-purity CeO2 analysis, 2-ethylhexlhydrogen 2-ethylhexylphosphonate (P507) was employed the most efficient extractant. 7, 8 Cyanex 923 is a commercially available solvating extractant, which has attracted great hydrometallurgical interest in the last decade. It is a neutral extractant, with the advantages of only a slight tendency to hydrolysis and to possess low solubility in water compared with other neutral ones.
Many hydrometallurgical applications based on Cyanex 923 have been proposed in the past several years, [9] [10] [11] including those in REE hydrometallurgy, which commenced very recently. [12] [13] [14] [15] [16] [17] The result has been obtained that Cyanex 923 has an ability to separate Ce(IV) from REE(III) in a proper medium. 14 Nonetheless, a study concerning the application of Cyanex 923 in high-purity cerium product analysis has not yet been reported. In a comparison with hydrometallurgical processes, high-purity analysis procedures should be emphasized more for the complete recovery of the ultra-trace impurities of interest, in addition to a considerable removal of the matrix. Because the impurity level in high-purity products usually differs from that of the matrix by five or more orders of magnititude, the separation conditions are therefore more critical. Moreover, the optimal conditions for analytical procedures of small size in pursuit of simplicity and conciseness usually differ considerably from those for large-scale hydrometallurgical processes concerning to some extent economical or other factors. Thus, further investigations are necessarily required for extending Cyanex 923 as an extractant to the analysis of high-purity cerium products. In this work, we attempted to investigate the application possibility of Cyanex 923 in the analysis of 14 REE impurities in 99.9999% or so purity CeO2. ICP-MS, with the advantages of low detection limits and multi-element capability, was chosen as the instrumental technique. In this work, the feasibility of employing Cyanex 923 as an extractant into the non-cerium REE (rare earth elements) impurity analysis of high-purity cerium oxide was investigated. Through investigations on the choice of the extraction medium, the optimium extraction acidity, matrix Ce 4+ effect on the non-cerium REE ion extraction, the optimium extractant concentration and suitable extracting time, and oscillation strengh, it was found that when the phase ratio was at 1:1 and the acicidity was about 2% H2SO4, by gently shaking by hand for about 2 min, 10 mL of 30% Cyanex 923 could not extract even for a 20 ng amount of non-cerium REE 3+ ions. However, the extraction efficiency for Ce 4+ of 100 mg total amount under the same conditions was about 96%, indicating that a 25-fold preconcentration factor could be achieved. Thus, it was concluded that Cyanex 923 could be used in a REE impurity analysis of 99.9999% or so pure cerium oxide for primary sepapation to elimilate matrix-induced interferences encountered in an ICP-MS (inductively coupled plasma mass spectroscopy) determination. 
Experimental

Reagents
Cyanex 923 was kindly supplied by Cytec Canada and was diluted with heptane. Purification of the extactant was carried out by washing with 10% (NH4)2S2O8 (w/w) and 2% H2SO4 (v/v), and then sub-boiling distilled deionized water.
A stock standard solution of In and a mixture stock standard solution of 15 REE in 5% HNO3 were purchased from Thermo Jarrell-Ash Corporation (SPEX, Franklin, MA, USA). To prepare a 1 mg L -1 mixture standard solution of the 15 REE ions in a 1% H2SO4 medium, a quantitative amount of the REE stock solution was heated to dryness in a PTEF beaker several times, while aiming to completely drive off HNO3; the residue was then dissolved in a dilute H2SO4 solution. Ce(IV) stock solution of 20 g L -1 , as obtained by dissolving high-purity CeO2 (99.999%) in concentrated sulfur acid, and the final acidity of the solution was controlled at about 1% H2SO4 by heating to dryness to remove the excess sulfur acid.
(NH4)2S2O8 for use in the purifying the extractant was of analytical-grade purity, purchased from Bohai Chemical Engineering Co., Ltd. (Tianjin, China). H2SO4 was of superpure grade, and water was sub-boiling distilled after being deionized. All glassware was first cleaned with a detergent in a ultrasonic cleaner, rinsed with deionized water to remove all of the detergent, boiled for 2 h in HNO3 (1+1), and then washed with deionized water and sub-boiling distilled water.
Instrumentation
A POEMS ICP-OES-MS instrument (Thermo Jarrell-Ash Corporation, Franklin, MA, USA) equipped with a Fassel torch, a Meinhard-type concentric glass nebulizer and a cryogenic spray chamber was used. The operating conditions were: rf power, 1.35 kW; Ar gas flow rates of 15 L min -1 for cooling, 0.63 L min -1 for nebulizer and 1.5 L min -1 for auxiliary; solution uptake rate, 1.0 mL min -1 ; sampling depth, 8 mm; and Ni skimmer cone orifice, 1.1 mm.
Procedure
A 10-mL aqueous solution (with a Ce 4+ concentration of 10 g L -1 or REE 3+ concentrations of 2 µg L -1 , 10 µg L -1 or 100 µg L -1 , according to the respective experiment purpose) and 10 mL of an extractant were added into a separating funnel separately, and the funnel was shaken by hand for about 2 min. The layers were allowed several minutes of separation, and then the aqueous phase was collected for determination by ICP-MS to calculate the extraction efficiency of Ce 4+ (defined as the total amount of Ce 4+ 
Results and Discussion
Mediums for extraction
According to Lu et al., 14 it appeared that both HNO3 and H2SO4 at low acidity could be applicable for separation in this work. However, since the study of Lu just focused on the separation of 10 mg L -1 levels of REE 3+ from g L -1 levels of Ce 4+ , things may be different for REE 3+ at µg L -1 levels. This was evidenced by a comparative experiment between the extraction of 10 µg L -1 REE 3+ in 2% HNO3 and 2% H2SO4, as shown in Table 1 . The extraction ability for all of the 14 REE ions at such a low concentration in a H2SO4 medium is still very weak, whereas extraction in a HNO3 medium becomes distinct. Chu et al. 13 had investigated the extraction capability of Cyanex 923 for REE 3+ at the 10 mg L -1 level at pH value of 2 -3. It was found that REE 3+ could be quantitatively extracted in the forms of RE(NO3)3. Their finding explained the high extraction efficiency for trace REE 3+ in the HNO3 medium. Thus, HNO3 was not suitable for use as the extraction medium in this work. Contrarily, H2SO4 was the medium of choice. Table 2 summarizes the results of Cyanex 923 extracting ultra-trace levels of REE 3+ in the absence of Ce 4+ in a lowacidity range from 0.5 -10% H2SO4. It shows that the recoveries for the light REE group in the aqueous phase after extraction, including La, Pr, Nd, Sm, Eu and Gd, increase with decreasing acidity. This tendency becomes more distinct for these elements with lower concentrations. An optimal recovery for Y with a low concentration to 2 µg L -1 was observed to exist in the acidity range from 1% to 2.5% H2SO4, while for Y with a relatively high concentration (in this experiment, 10 µg L -1 ), the recovery decreased with increasing acidity. Other middle and heavy REE hardly appeared to be extracted over the entire experimental acidity range. At the same time, the extraction efficiency for Ce 4+ hardly varied with the acidity over the same acidity range; 10 mL of 60% Cyanex 923 maintained a 93% extraction efficiency for 100 mg of Ce 4+ at different acidities, as shown in Fig. 1 .
Effect of the acid concentration on separation
Therefore, it could be concluded that an acidity of about 2% H2SO4 was preferable.
Extraction of REE 3+ in the presence of Ce
4+
In Table 2 , visible extraction efficiencies can be observed for light REE in the absence of Ce 4+ , when the acidity decreases to about 0.5% H2SO4. However, when Ce 4+ of about 10 g L -1 as the matrix component was present, the extraction efficiencies for all of the light REE decreased to a neglectably low level. Comparative results are listed in Table 3 .
The reason for the effect of Ce 4+ on the extraction of REE 3+ was deduced mainly to be a competitition effect; namely, Ce 4+ has a stronger affinity for Cyanex 923, and hence has a strong ability to displace REE 3+ combined with Cyanex 923. In other words, the remaining un-extracted Ce 4+ could act as a backextraction reagent for the possibly extracted REE 3+ . The strong back-extracting ability of the Ce 4+ for REE 3+ can be further proved in a more distinct way. Table 4 lists the results of an experiment in which the added amount of REE 3+ was first extracted by Cyanex 923 in the absence of Ce 4+ in a 1% HNO3 + 0.5% H2SO4 medium, and then the extracted amount of REE 3+ in the organic phase was back-extracted by Ce 4+ in a 2% H2SO4 medium. The introduction of HNO3 here aimed to make the extraction of REE 3+ more visible and, in turn, to make the back-extraction effect of Ce 4+ more visible, as was shown in the previous section, that the existence of NO3 -would lead to a quantitative extraction of all the 14 REE. As expected, all of the REE 3+ , each 1 µg of the total amount, was partly, or almost completely, extracted into the organic phase in the presence of 1% HNO3. Also, the analysis of the aqueous phase after back-extraction showed that all of the extracted REE 3+ could be completely back-extracted by Ce 4+ under the given conditions.
In conclusion, a controlled relatively low extraction efficiency for the matrix Ce 4+ to make the organic phase saturated would make it more safe to achieve a high recovery for the impurity REE
3+
. Also, obviously, due to the strong back-extraction effect of Ce 4+ , the acidity effect on the extraction was weakened and the separation could be performed over a wider acidity range.
Optimization of the extractant concentration
By varying the extractant concentrations from 10% to 60% (v/v) and maintaining the aqueous Ce 4+ concentration at 10 g L -1 (the total amount of Ce 4+ = 100 mg) and the aqueous acidity at 2% H2SO4, it was found that at an extractant concentration of 30% (v/v), a maximum extraction efficiency of 96% for the given amount of Ce 4+ was obtained, as shown in Fig. 2 . The intensity of the yellow color of the aqueous phase indicated that Ce remained mostly as Ce 4+ , which means that the mg level of the remaining Ce 4+ would fully assure the un-extraction of the ng level of REE 3+ according to the discussion in the section above.
Extraction time and oscillation strength
The extraction of Ce 4+ by Cyanex 923 was very quick. Usually, 1 -2 min of oscillation was sufficient for complete extraction equilibration. A longer time of oscillation was not recommended, since the deoxidization of Ce 4+ was observed due to the deoxidizing ability of Cyanex 923 for Ce 4+ .
The oscillation strength should be controlled well, because Cyanex 923 was easily emulsified under strong oscillation in the experimental acidity range, and consequently resulted in a long phase separation time and an elevated risk for the deoxidization of Ce 4+ . Through the experiment, it was found that gently shaking by hand for about 2 min could not only achieve the same extraction efficiency, but could also eliminate the emulsification phenomena. 
Conclusion
According to the above-mentioned study, 10 mL of 30% Cyanex 923 could extract 96% of the 100 mg matrix Ce 4+ while leaving 20 ng of each REE 3+ unextracted in about a 2% H2SO4 medium, indicating that this extractant is of prospective use in the primary separation in the analysis of cerium oxide with a purity of about 99.9999%. The advantages of extraction with Cyanex 923 included: simplicity and rapidity in operation, easy control of the conditions and the relatively low acidity. The disadvantage was that the preconcentation capacity was limited due to the deoxidization property of this extractant. Thus, extraction with Cyanex 923 might well be used in conjunction with another preconcentration technique, such as P507 extraction, to offer a greater preconcentration efficiency as a requirement in the analysis of REE impurities in super-pure CeO2.
